Hyperhomocysteinemia confers a high risk for thrombotic vascular events, but homocysteine-lowering therapies have been ineffective in reducing the incidence of secondary vascular outcomes, raising questions regarding the role of homocysteine as a mediator of cardiovascular disease. Therefore, to determine the contribution of elevated homocysteine to thrombosis susceptibility, we studied Cbs ؊/؊ mice conditionally expressing a zinc-inducible mutated human CBS (I278T) transgene. Tg-I278T Cbs ؊/؊ mice exhibited severe hyperhomocysteinemia and endothelial dysfunction in cerebral arterioles. Surprisingly, however, these mice did not display increased susceptibility to arterial or venous thrombosis as measured by photochemical injury in the carotid artery, chemical injury in the carotid artery or mesenteric arterioles, or ligation of the inferior vena cava. A survey of hemostatic and hemodynamic parameters revealed no detectible differences between control and Tg-I278T Cbs ؊/؊ mice. Our data demonstrate that severe elevation in homocysteine leads to the development of vascular endothelial dysfunction but is not sufficient to promote thrombosis. These findings may provide insights into the failure of homocysteinelowering trials in secondary prevention from thrombotic vascular events. (Blood. 2012;119(13):3176-3183)
Introduction
Hyperhomocysteinemia is defined as an elevation of plasma total homocysteine (tHcy) 1 and is an independent risk factor for arterial and venous vascular diseases. [2] [3] [4] The classic form of severe hyperhomocysteinemia arises from a rare homozygous deficiency in cystathionine ␤-synthase (CBS) which metabolizes homocysteine to cystathionine. Patients with severe hyperhomocysteinemia have plasma tHcy levels Ͼ 200M and, if untreated, ϳ 50% suffer from life-threatening thromboembolic events before the age of 30. 5 Treatment with B vitamins and betaine in conjunction with restriction of methionine improves vascular outcomes, 6 though in most patients this intervention only partially lowers tHcy levels. Therefore, the causal relationship between elevated tHcy and vascular events remains poorly defined.
Mild to moderate hyperhomocysteinemia, with plasma tHcy levels of 15-50M, occurs more commonly than severe hyperhomocysteinemia and is also associated with elevated risk for myocardial infarction, stroke, and thrombosis. [2] [3] [4] Despite this established clinical association, treatments to lower tHcy with B vitamins paradoxically fail to decrease secondary vascular events in these patients. [7] [8] [9] [10] [11] [12] This lack of benefit of homocysteine-lowering therapy is in contrast to patients with severe hyperhomocysteinemia and raises further questions regarding whether homocysteine is a mediator or biomarker of vascular disease.
Both genetic and dietary animal models of hyperhomocysteinemia have been used to examine the vascular effects of elevated tHcy levels. Mouse models with genetic deficiency in CBS have been demonstrated to have endothelial dysfunction. [13] [14] [15] With dietary induction of hyperhomocysteinemia, mice develop endothelial dysfunction [16] [17] [18] [19] [20] [21] [22] as well as enhanced responses to vascular injury, such as thrombosis 23, 24 and neointima formation, 25 though in these models it is not clear whether the vascular effects are due to elevated tHcy or other dietary factors. To more directly address the relationship between elevated homocysteine and vascular abnormalities, herein we used a novel genetic mouse model of severe hyperhomocysteinemia. 26 This model of CBS deficiency is homozygous for a targeted deletion in the murine Cbs gene and conditionally expresses a mutant human CBS transgene I278T 26 which is the most common mutation found in patients with severe hyperhomocysteinemia. 5 Using this model, we analyzed the effects of severe hyperhomocysteinemia due to elevations in tHcy on endothelial function and thrombosis. We demonstrate that, as expected, genetic deficiency of murine Cbs produced severe hyperhomocysteinemia and endothelial dysfunction. Paradoxically, however, Cbs deficiency failed to increase susceptibility to arterial or venous thrombosis. Our data suggest that loss of CBS alone is not sufficient to produce the advanced thrombotic vascular events observed in patients with severe hyperhomocysteinemia. obtain wild-type Cbs ϩ/ϩ , Tg-I278T Cbs ϩ/ϩ , and Tg-I278T Cbs Ϫ/Ϫ littermates for study. Both Tg-I278T Cbs Ϫ/Ϫ and Cbs ϩ/Ϫ mice were bred for more than 7 generations with C57BL6/J mice before crossbreeding with each other. As previously described, 26 all breeders received 25mM zinc sulfate-supplemented drinking water to allow the expression of the human I278T CBS transgene, which rescues Cbs Ϫ/Ϫ pups from growth retardation and early lethality. After weaning, mice were fed standard mouse chow (LM485; Harlan Teklad) and drinking water unsupplemented with zinc. Genotyping for the targeted murine Cbs 23 and for human I278T CBS 27 transgenes was performed as previously described. Animal protocols were approved by the University of Iowa Animal Care and Use Committee. Both male and female mice were included in the study.
Plasma tHcy and methionine
Blood was collected by cardiac puncture into EDTA (final concentration 5mM), and plasma was flash frozen. Plasma tHcy and methionine were measured using a Biochrom 30 amino-acid analyzer as previously described. 28 In brief, 50 L of plasma was treated with 5 L of 12% DTT for 5 minutes at room temperature followed by the addition of 55 L of 10% sulfosalicylic acid. After incubation for 1 hour at 4°C, samples were centrifuged and the supernatant was analyzed.
Dilatation responses in cerebral arterioles
Dilatation of cerebral arterioles was measured as described previously. 16 Briefly, mice were anesthetized with sodium pentobarbital (70-90 mg/kg IP) and ventilated mechanically with room air and supplemental oxygen. A cranial window was made over the left parietal cortex, and a segment of a randomly selected pial arteriole (ϳ 30 m in diameter) was exposed. The diameter of the cerebral arteriole was measured using a video microscope coupled to an image-shearing device, under control conditions and during superfusion with acetylcholine (an endothelium-dependent vasodilator, 10 Ϫ6 and 10 Ϫ5 M), and nitroprusside (an endothelium-independent vasodilator, 10 Ϫ7 and 10 Ϫ6 M).
Blood pressure and vessel size
Measurement of systemic arterial blood pressure has been described previously 29 ; briefly, a catheter was inserted into the femoral artery of mice anesthetized with sodium pentobarbital and ventilated mechanically. To measure the size of the carotid artery, the heart and carotid artery were perfusion fixed with 4% paraformaldehyde in anesthetized mice after withdrawing blood from the heart. The left common carotid artery was harvested in formalin and embedded in paraffin for quantitative histologic analysis. Up to 5 serial sections (5 m in thickness, every 100 m) were collected below the bifurcation and stained with Van Giessen. Sections were imaged and the cross-sectional area of vessel wall and luminal area were measured using National Institutes of Health ImageJ software.
In vivo thrombosis assays
Carotid artery thrombosis. Carotid artery thrombosis was induced by photochemical injury 30 or chemical injury 31 as described previously. Mice were anesthetized with sodium pentobarbital and ventilated mechanically. The right common carotid artery was dissected free and carotid artery blood flow was measured with a 0.5 PSB Doppler flow probe (Transonic Systems Inc) and digital recording system (Gould Ponemah Physiology Platform Version 3.33). To induce photochemical injury to the endothelial layer, the right common carotid artery was transilluminated continuously with a 1.5-mV, 540-nm green laser (Melles Griot) from a distance of 6 cm, and rose bengal (35 mg/kg) was injected via a femoral vein catheter. Blood flow was monitored continuously for 90 minutes or until stable occlusion occurred, at which time the experiment was terminated. First occlusion was defined as the time at which blood flow first decreased to 0 for Ն 10 seconds, and stable occlusion was defined as the time at which blood flow remained absent for Ն 10 minutes. To induce chemical injury, a 1 mm ϫ 1 mm Whatman no. 1 filter paper soaked in 10% FeCl 3 was applied to the right common carotid artery for 3 minutes. Blood flow was monitored continuously for 30 minutes or until stable occlusion occurred, at which time the experiment was terminated.
Mesenteric arteriole thrombosis. Susceptibility to thrombosis in mesenteric arterioles was measured in 3-to 4-week-old mice using intravital microscopy as described previously. 32 Briefly, blood was collected from the retro-orbital venous plexus of 4-to 6-month-old C57Bl6J donor mice into a polypropylene tube containing enoxaparin. Platelets were isolated, washed, and fluorescently labeled as previously described. 32 The study mice were anesthetized with avertin, and labeled platelets were infused (2.5 ϫ 10 9 platelets/kg) through retro orbital plexus. Mesenteric arterioles between 80-100M in diameter were studied. A 300 ϫ 300M Whatman no. 1 filter paper saturated with 5% FeCl 3 solution was applied topically for 2 minutes. Subsequently, vessels were monitored for 40 minutes after injury or until stable occlusion.
IVC thrombosis. Susceptibility to thrombosis in the venous system was measured by a blood stasis model as described previously 33 with minor modifications. Briefly, mice were anesthetized using ketamine/xylazine (87.5 mg/kg ketamine and 12.5 mg/kg xylazine, IP). A midline laparotomy was made, and the inferior vena cava (IVC) was exposed directly via blunt dissection. The IVC was ligated inferior to the left renal vein using a 6.0-silk suture. The incision was closed in a 2-layer fashion. Two days later, blood was collected directly from the heart into sodium citrate (9:1, v/v) for measurement of plasma tHcy, and the IVC was harvested for measurement of length and weight of thrombus.
Bleeding time, complete blood cell counting, and clotting factor assays
Bleeding time. Ten-week-old mice were briefly anesthetized with 75% CO 2 / 25% O 2 . A 4-mm long tail tip was immediately sliced off with a scalpel blade and the wound immersed in a 45-mL conical tube containing saline at 37°C. Throughout the entire procedure, the mice were restrained in a mouse holder positioned just above the waterbath. Blood flow from the wound was monitored for 15 minutes. All cessations and resumptions of bleeding were recorded. Any animal still bleeding after 15 minutes was treated with silver nitrate to stop further bleeding. Bleeding time was defined as time from start of the bleeding until the complete cessation of bleeding.
Complete blood cell counting. Blood was collected by cardiac puncture into EDTA and analyzed on a Hemavet Multispecies Hematology System (Drew Scientific).
Clotting factor assays. Blood was collected in ACD buffer (9:1, v/v). Plasma was flash frozen and stored at Ϫ80°C. A modified dilute activated plasma prothrombin time (APTT) was performed using a BBL fibrometer (BD Diagnostics). Bovine fibrinogen was added to Tris/BSA buffer to a final concentration of 2 mg/mL. Citrated mouse plasma (15 L) was incubated at 37°C with 60 L of the fibrinogen mix, plus 50 L of Dade Actin FSL APTT Reagent. After 3 minutes, clotting was initiated with the addition of 50 L of 60mM CaCl 2 . All samples were tested in triplicate. An in-house pool of normal mouse plasma was used for comparison. Fibrinogen levels were determined by AssayMax Mouse Fibrinogen ELISA (Assaypro), which uses a polyclonal Ab specific for mouse fibrinogen.
Statistical analysis
One-way ANOVA with the Tukey test for multiple comparisons was used to analyze cerebral arteriole dilatation response and occlusion times in different groups. The Student t test was used to analyze plasma tHcy, methionine, bleeding time, fibrinogen, APTT, and complete blood cell counting (CBC). Statistical significance was defined as a P value Ͻ .05. Values are reported as mean Ϯ SE.
Results

Tg-I278T Cbs ؊/؊ mice develop severe hyperhomocysteinemia
Consistent with the previous study, 26 the body weight of Tg-I278T Cbs Ϫ/Ϫ mice was ϳ 20% less than age-matched Tg-I278T Cbs ϩ/ϩ or Cbs ϩ/ϩ mice (P Ͻ .05, Table 1 ). At 20 weeks of age, plasma tHcy levels were similar in Cbs ϩ/ϩ and Tg-I278T Cbs ϩ/ϩ mice (4.3 Ϯ 0.6M and 3.8 Ϯ 0.4M, respectively, P ϭ .5, Figure 1A ). Tg-I278T Cbs Ϫ/Ϫ mice had severe hyperhomocysteinemia (plasma tHcy: 245 Ϯ 14M), and tHcy levels were significantly higher than in Cbs ϩ/ϩ or Tg-I278T Cbs ϩ/ϩ mice (P Ͻ .001, Figure 1A ). The tHcy levels in Tg-I278T Cbs Ϫ/Ϫ mice were similar to those in patients with homozygous CBS deficiency 5 and thus validate these mice as a pathophysiologically relevant genetic model of the human disease. Plasma methionine levels were modestly elevated in Tg-I278T Cbs Ϫ/Ϫ mice (43 Ϯ 3.6M) compared with Tg-I278T Cbs ϩ/ϩ mice (30 Ϯ 3.9M, P Ͻ .05, Figure 1B ).
Tg-I278T Cbs ؊/؊ mice exhibit endothelial dysfunction
To confirm that endothelial function is impaired in Tg-I278T Cbs Ϫ/Ϫ mice, 14 we measured dilator responses to acetylcholine in cerebral arterioles, which have been consistently found to be sensitive to hyperhomocysteinemia in other murine models. 34 Acetylcholine produced dose-dependent dilatation of cerebral arterioles in all 3 groups of mice (Figure 2A ). The dilatation responses to both doses of acetylcholine were similar in Cbs ϩ/ϩ and Tg-I278T Cbs ϩ/ϩ mice, but were significantly decreased in Tg-I278T Cbs Ϫ/Ϫ mice (P Ͻ .05 with 1M acetylcholine, and P Ͻ .001 with 10M acetylcholine). Similar to acetylcholine, nitroprusside also produced dose-dependent dilatation of cerebral arterioles in all 3 groups ( Figure 2B ). However, unlike acetylcholine, no differences in dilatation response were observed between the 3 groups, which confirms that the decreased acetylcholine dilatation response in Tg-I278T Cbs Ϫ/Ϫ mice is endothelium-dependent.
CBS deficiency does not produce a prothrombotic phenotype
Next, we examined whether CBS deficiency influences the susceptibility to thrombosis. Experimental thrombosis of the carotid artery was first induced by photochemical injury. As expected, the times to stable occlusion were similar between Cbs ϩ/ϩ and Tg-I278T Cbs ϩ/ϩ mice (30 Ϯ 9.9 minutes and 33 Ϯ 8.1 minutes, respectively, P ϭ .9, Figure 3A-B) . Surprisingly, the time to form stable occlusions was not shortened, but was instead significantly longer, in the Tg-I278T Cbs Ϫ/Ϫ mice (67 Ϯ 9.5 minutes) compared with Cbs ϩ/ϩ or Tg-I278T Cbs ϩ/ϩ mice (P Ͻ .05). To confirm this paradoxical finding, we used an alternative method to induce thrombosis in the common carotid artery using 10% FeCl 3 . After exposure to FeCl 3 , the first occlusion formed in 5.4 Ϯ 0.07 minutes in Tg-I278T Cbs ϩ/ϩ mice and remained stable in every mouse in that group (Figure 3C-D) . Similar to the photochemical injury studies, the times to occlusion were not shortened in Tg-I278T Cbs Ϫ/Ϫ mice, and a trend toward prolonged stable occlusion time was detected in mice compared with Tg-I278T Cbs ϩ/ϩ mice (8.6 Ϯ 2.1 minutes, P ϭ .2).
Given the unexpected finding that CBS deficiency did not shorten the time to arterial occlusion, we next studied susceptibility to venous thrombosis to determine whether elevated tHcy has vascular site-specific effects. Using an IVC stasis method, we measured the length and weight of the thrombi that developed 48 hours after IVC ligation. No significant differences in either the length (P ϭ .7) or weight of the thrombi (P ϭ .6) were detected between the Tg-I278T Cbs ϩ/ϩ and Tg-I278T Cbs Ϫ/Ϫ mice ( Figure  4) , which implies that CBS deficiency alone is not sufficient to increase susceptibility to arterial or venous thrombosis in mice.
CBS deficiency does not alter susceptibility to thrombosis in young mice with pronounced hypermethionenemia
One difference between human patients with CBS deficiency and the Tg-I278T Cbs Ϫ/Ϫ mouse model is that CBS-deficient patients have marked hypermethioninemia in addition to severe hyperhomocysteinemia, whereas adult Tg-I278T Cbs Ϫ/Ϫ mice have only a very modest elevation of plasma methionine at 20 weeks of age ( Figure  1B) . We therefore hypothesized that methionine may contribute to the increased risk of thrombosis in the setting of hyperhomocysteinemia. To attempt to examine the combined effect of high tHcy and high methionine on thrombotic susceptibility, we fed Tg-I278T Cbs Ϫ/Ϫ mice a range of methionine-rich diets containing 1.2%-2.0% methionine. We found, however, that all of the Tg-I278T Cbs Ϫ/Ϫ mice fed these diets died within 24-48 hours (data not shown), precluding studies of thrombosis. As an alternative approach, we measured plasma levels of tHcy and methionine in young Tg-I278T Cbs Ϫ/Ϫ mice fed a normal chow diet. At 3-4 weeks of age, Tg-I278T Cbs Ϫ/Ϫ mice not only had severely elevated plasma tHcy (373 Ϯ 43M vs 3.8 Ϯ 0.8M in age-matched Tg-I278T Cbs ϩ/ϩ mice, P Ͻ .0001, Figure 5A ) but also a pronounced, 2-fold elevation of plasma methionine (102 Ϯ 12 M vs 53 Ϯ 6.2 M, P Ͻ .01, Figure 5B ). Because of the young age of the mice, we were not able to perform carotid artery injury experiments but instead used intravital microscopy to measure thrombus formation in mesenteric arterioles after injury with 5% FeCl 3 . The results show that Tg-I278T Cbs Ϫ/Ϫ mice failed to demonstrate a shortening of the time to thrombotic occlusion of mesenteric arterioles compared with Tg-I278T Cbs ϩ/ϩ mice (18.5 Ϯ 2.5 minutes vs 16.1 Ϯ 3.7 minutes, respectively, P ϭ .85, Figure 5C -D). These data demonstrate that CBS deficiency in mice fails to increase thrombotic susceptibility in microvessels, even in the presence of pronounced hypermethioninemia.
Baseline hemodynamic parameters, vessel size, and hematologic profile remain unchanged with CBS deficiency
We also examined several other parameters that might contribute to the failure of CBS deficiency to promote a prothrombotic phenotype. First, the arterial blood pressure in anesthetized mice was monitored through the cannulated femoral artery, and we observed similar mean arterial pressures in Cbs ϩ/ϩ , Tg-I278T Cbs ϩ/ϩ , and Tg-I278T Cbs Ϫ/Ϫ mice (P ϭ .19, Table 1 ). In addition, there were no significant differences between groups in baseline blood flow through the common carotid artery (P ϭ .5). Next, in perfusion fixed mice, the noninjured left common carotid artery was harvested and the cross-sectional area of the whole vessel and lumen measured. The luminal area (P ϭ .4) and total vessel area (P ϭ .3) were similar in all groups (Table 1) .
Finally, we evaluated the effects of CBS deficiency on the hematologic profile (Table 2) . Hemoglobin concentration and hematocrit were similar in all 3 groups of mice. A small but significant increase in platelet count was observed in Tg-I278T Cbs Ϫ/Ϫ mice compared with Cbs ϩ/ϩ mice (P Ͻ .05) but not compared with Tg-I278T Cbs ϩ/ϩ mice (P ϭ .13). APTT and plasma fibrinogen levels were similar in all groups of mice (P ϭ .42, and P ϭ .28, respectively). Tail bleeding time was also similar in all groups (P ϭ .7).
Discussion
Hyperhomocysteinemia is an established risk factor for myocardial infarction, stroke, and thrombosis. [2] [3] [4] However, it is unclear whether For personal use only. on September 23, 2017 . by guest www.bloodjournal.org From elevated tHcy is a mediator or a biomarker of vascular disease. 35 In the present study, we used a recently established murine model of CBS deficiency to address the significance of elevated homocysteine in vascular thrombosis. A key feature of the model was the absence of dietary interventions to influence plasma tHcy because dietary factors may have confounded prior studies of the association between hyperhomocysteinemia and thrombosis in mouse models and human subjects. The novel finding in this study is that, unlike patients with CBS deficiency, Tg-I278T Cbs Ϫ/Ϫ mice did not exhibit increased susceptibility to arterial or venous thrombosis, though as expected they did develop endothelial dysfunction. The failure of elevated tHcy to accelerate thrombosis in this model may provide insights into the failure of homocysteine-lowering therapy to prevent secondary thrombotic events in most patients with hyperhomocysteinemia.
Several observations suggest that there is a disconnect between elevated tHcy levels and thrombotic events. First, in homocystinuric patients with severe hyperhomocysteinemia, treatments to lower tHcy reduce the risk for secondary thrombotic events despite failing to completely normalize tHcy levels. 6 The residual levels of plasma tHcy in "successfully" treated homocystinuric patients often remain moderately elevated to a level (30-80M) that still might be expected to be associated with a high risk of thrombosis based on data in nonhomocystinuric patients. It is quite striking that homocystinuric patients have such a marked improvement in thrombotic complications despite having this degree of residual hyperhomocysteinemia. This observation raises a question of whether the beneficial effects of these treatments in lowering thrombotic risk can be attributed to the partial reduction in tHcy or to other factors that may be independent of plasma tHcy levels. Second, in subjects with mild to moderate hyperhomocysteinemia, treatment with B vitamins does not appear to reduce secondary risks for myocardial infarction, stroke, or venous thromboembolism despite lowering tHcy to normal levels, [7] [8] [9] [10] [11] [12] which raises further questions regarding whether elevated tHcy is a direct mediator of vascular events. Finally, although diet-induced hyperhomocysteinemia in mouse models is associated with an increased susceptibility to experimental thrombosis, it is unclear whether this prothrombotic phenotype is caused by elevation of homocysteine or other dietary metabolites. 23, 24 The genetic murine model used in the present study is advantageous because it excludes any secondary effects associated with diet and therefore allowed us to directly examine the contributions of elevated tHcy to thrombosis susceptibility.
Surprisingly, and in contrast to a dietary model of hyperhomocysteinemia, 23 Tg-I278T Cbs Ϫ/Ϫ mice did not exhibit accelerated thrombosis after photochemical injury of the carotid artery; rather, these mice paradoxically had prolonged time to occlusion compared with control mice. Given the unexpected lack of accelerated thrombosis in Tg-I278T Cbs Ϫ/Ϫ mice, we expanded our study to an alternative model of injury. Using chemical injury with FeCl 3 in the carotid artery, we confirmed that Tg-I278T Cbs Ϫ/Ϫ mice do not have increased susceptibility to arterial thrombosis, which suggests that elevated tHcy alone is not sufficient to induce a prothrombotic phenotype. Because epidemiologic data demonstrate a strong clinical association between deep vein thrombosis (DVT) and hyperhomocysteinemia, 4 we also examined susceptibility to DVT using an IVC stasis method. Again, we observed no prothrombotic effect; Tg-I278T Cbs Ϫ/Ϫ mice developed similar sized thrombi as control mice after IVC ligation. Others have attempted to assess thrombotic phenotypes in murine models of hyperhomocysteinemia using indirect assays of hemostasis. For example, some studies have reported that CBS deficiency in mice alters tail bleeding time, 36 whereas other studies did not observe this phenotype. 37 CBS deficiency has been reported to not alter in vitro hemostatic parameters such as prothrombin time or APTT. 28, 37 In our study, we did not detect any significant differences in tail bleeding time, APTT, or plasma fibrinogen levels between Tg-I278T Cbs Ϫ/Ϫ and control mice. Moreover, using more physiologic methods to assess susceptibility to thrombosis, our data strongly suggest that elevation in tHcy is not sufficient to accelerate arterial or venous thrombosis.
One potentially interesting finding from our study is that Tg-I278T Cbs Ϫ/Ϫ mice not only failed to exhibit accelerated thrombosis, but also had prolonged times to occlusion in the photochemical injury model. In an attempt to understand this paradoxical finding, we examined several baseline hemostatic parameters. In Tg-I278T Cbs Ϫ/Ϫ mice, we detected no differences in CBC except for a small increase in platelet counts compared with control mice, a difference that would not be expected to protect from thrombosis. Because Tg-I278T Cbs Ϫ/Ϫ mice can develop hepatic steatosis, 26 we considered the possibility that these mice may have defects in the synthesis of clotting factors by the liver that may mask a prothrombotic phenotype. Consistent with previous studies, 28,37 however, we observed no changes in APTT with CBS deficiency, nor did we detect altered plasma levels of fibrinogen. Next, because Tg-I278T Cbs Ϫ/Ϫ mice are 20% smaller than control mice, it is possible that they have smaller (in diameter) carotid arteries with increased blood flow velocity, potentially causing more frequent embolization and/or delayed thrombosis. 30 However, the carotid artery luminal area and blood flow were similar in Tg-I278T Cbs Ϫ/Ϫ mice and control mice (Table 1) .
Collectively, these results demonstrate that alterations in hemostatic or hemodynamic parameters are unlikely to account for the failure of CBS deficiency to produce a prothrombotic phenotype.
The fact that our data in mice with severe hyperhomocysteinemia do not parallel the prothrombotic phenotype observed in patients with similarly elevated levels of tHcy 5 implies that other factors besides plasma tHcy contribute to the prothrombotic phenotype of hyperhomocysteinemia in humans. It also is possible that interactions between hyperhomocysteinemia and certain prothrombotic factors may differ between mice and humans. One such candidate prothrombotic factor is methionine because CBSdeficient patients develop more profound hypermethioninemia than we observed in Tg-I278T Cbs Ϫ/Ϫ mice. 5 In addition, most of the dietary models of hyperhomocysteinemia in which a prothrombotic or proatherosclerotic phenotype was observed in mice have used a methionine-enriched diet. 23, 24, [38] [39] [40] Collectively, these observations imply that a combination of elevated methionine and elevated tHcy might be necessary to increase susceptibility to thrombosis. To address this hypothesis, we examined very young (3-4 weeks old) Tg-I278T Cbs Ϫ/Ϫ mice which have a pronounced (2-fold) increase in plasma methionine levels along with severe elevations in plasma tHcy compared with age-matched control mice. Using a microvascular thrombosis model, we found that these young mice with combined hypermethioninemia and severe hyperhomocysteinemia still did not exhibit accelerated thrombosis. This finding does not completely exclude the possibility that methionine may be a contributing factor, however, because a higher level of methionine, or a longer duration of exposure to hypermethioninemia, may be necessary to increase susceptibility to thrombosis. When we performed weekly blood draws to measure plasma methionine levels from 3 to 7 weeks of age in Tg-I278T Cbs Ϫ/Ϫ mice, we found that marked elevation of methionine levels was maintained only until ϳ 4 weeks of age, after which plasma methionine fell to levels similar to those seen in Tg-I278T Cbs Ϫ/Ϫ at 20 weeks of age (data not shown). These observations indicate that a different mouse model may be needed to understand the interplay between methionine and homocysteine in the pathophysiology of thrombosis.
Despite the absence of a prothrombotic phenotype, Tg-I278T Cbs Ϫ/Ϫ mice did exhibit endothelial vasomotor dysfunction, an early event in the development of cardiovascular diseases. 41 This finding is consistent with other studies using genetic as well as dietary models of hyperhomocysteinemia, in which endothelial dysfunction has been observed in multiple vascular systems, including cerebral and mesenteric arterioles. [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Interestingly, the degree of endothelial dysfunction observed in the cerebral arterioles of Tg-I278T Cbs Ϫ/Ϫ mice with extremely high tHcy levels (Ͼ 200M) in this study was very similar to that seen in other models of mild to moderate 16, 19, 21 hyperhomocysteinemia. Collectively, these findings imply that elevation in tHcy produces a threshold rather than a graded impairment on endothelial function.
A possible limitation of this study is that the examination of endothelial dysfunction and thrombosis was performed in different vascular beds. Impairment of acetylcholine-induced endothelialdependent dilation is a well-established phenotype in several mouse models of hyperhomocysteinemia, including the TgI278TCbs Ϫ/Ϫ model used in this study. [13] [14] [15] 34 Because the focus of the current manuscript is on thrombosis, we did not repeat measurements of endothelial function in multiple vascular beds. We did, however, assess endothelial function in at least one vascular bed as a positive control experiment to confirm that the model was behaving in the expected manner with respect to the endothelial dysfunction phenotype. For this purpose, we chose to study endothelial function in cerebral arterioles, which we have found to have an extremely reliable and consistent endothelial phenotype in several models of hyperhomocysteinemia. 34 In summary, we found that a genetic model of severe hyperhomocysteinemia produces endothelial dysfunction, yet is not sufficient to elicit a prothrombotic phenotype in mice. This unanticipated result implies that elevated levels of homocysteine alone are For personal use only. on September 23, 2017 . by guest www.bloodjournal.org From unlikely to account for the increased thrombotic risk associated with hyperhomocysteinemia. In light of these new findings, the bulk of evidence from murine models now suggests that the prothrombotic effects associated with hyperhomocysteinemia are probably mediated not by elevation of homocysteine itself but instead by other factors. These findings may provide insights into the failure of homocysteine-lowering trials to demonstrate a reduction in secondary cardiovascular events. [7] [8] [9] [10] [11] [12] Further studies are warranted to define the factors that contribute to development of advanced cardiovascular events in humans with hyperhomocysteinemia, and to determine whether these factors act alone or in combination with elevated tHcy to increase susceptibility to thrombosis.
